A novel iterative projection-type optimal design algorithm of arrayed waveguide gratings (AWGs) with a flat spectral response is proposed based on the Fourier optics model of AWG. The enhancement of the spectral-response flatness of the AWG is demonstrated, with an analysis on the trade-off relationship between band flatness and crosstalk.
Introduction
During the past three decades, arrayed waveguide gratings (AWGs), which spatially separate and combine wavelength channels, have been established as one of the key components of wavelength division multiplexing (WDM) optical networks [1] . Theoretical modeling and optimal design of AWG structure are important topics. The mathematical models of AWGs based on Fourier optics have become the preferred model choices for very simple and accurate means of simulating main device characteristics [2] [3] [4] . Furthermore, the accurate mathematical model can provide the merit function for the specified optimization algorithm. In this case, the AWG design can be formulated as a numerical optimization problem of AWG structural parameters. The use of a genetic algorithm for the optimal design of AWG, particularly having a flat spectral response, was reported [5] .
Among several design considerations, the flat spectral response is a necessary requirement for multichannel AWGs to maximize the AWG performance. Several methods to flatten the spectral passbands have been addressed with multimode output waveguides [6] , multimode interference coupler [7] , multi-Rowland-circle structure [8] , and multiple gratings [9] in the AWG design. In the previous research, wecanfind thecommonprinciple thatthe superposition and spatial average of the Gaussian spectral responses can lead to a desired flattened spectral response. Two or a few nonflattened spectral responses of the partial AWGs with a conventional form were superposed to effectively flat the spectral response in [6] [7] [8] [9] .
In this paper, the optimal AWG design problem is addressed, and a novel iterative projection-type method is proposed for optimal design of the AWGs with a flat spectral response. For this, the Fourier optics model of the spectral response of the AWG is mathematically modeled, and, within the framework, the optimal design strategy for obtaining spectral flat response is devised. We consider the lengths of the elementary waveguides of the AWG as the design variables and try to optimize the AWG structure. The aforementioned previous approaches can be understood as indirect design methods of taking the superposition of diffraction fields generated by partial AWGs designed by classical design formulas. But the proposed method in this paper is the nonlinear optimization aimed to the optimal profile of the AWG, which is the main contrast point from the previous works.
In Section 2, the Fourier optics model of AWG spectral response is established with numerical simulations. In Section 3, the projection-type iterative optimization algorithm is proposed for enhancing spectral-response flatness and is followed by concluding remarks.
Fourier Optics Model of AWG
In this section, two-dimensional (2D) Fourier optics model of AWG is developed. The AWG operation and spectral response are demonstrated based on the developed model. Figure 1 shows a schematic of 2M 1 channel AWG with 2N 1 waveguide array. In the input slab x 0 plane, the optical field at the center input port, Fx 0 ; λ s , is simply modeled as
where w in and a are the waveguide width and the spatial shift. λ s is the operating wavelength in the slab waveguide of the AWG. 
where f in is the radius of the input channel waveguide array. The main lobe width of the sinc function in Vu 0 ; λ s is given by 2f in λ s ∕w in . It is assumed that the input waveguide array in the u 0 plane is within the main lobe area. Thus the total width of the input waveguide array is assumed to be given by
where q is a number of 0 < q ≤ 1. The waveguide array is assumed to be composed of 2N 1 waveguides, with a uniform interval. The interval between two adjacent waveguides is
and the waveguide fill factor is ρ, then the waveguide width isw ρd. The optical field at the u 0 plane, Vu 0 ; λ s , is delivered to the output ports at the u plane, through the waveguide array. The optical field, Fu; λ s , is represented as
where A k is the phase modulation imposed by the length of the kth waveguide. The sinc amplitude envelop in Eq. (2) is assumed to be approximately flat in the formulation of Eq. (4). Fu; λ s propagates through the slab waveguide space to be coupled to one of 2M 1 output channel waveguides at the x plane, which are denoted by C −M ; C −M1 ; …; and C M . The optical field, Vx; λ s , at the output channel in the x plane is represented by the optical Fourier transform of Fu; λ s , represented as The first sinc function constraints the envelop of Vx; λ s by the finite width of 2λ s f out ∕w, and the second term represents the periodic interference pattern, with a period of
Here it is assumed that the main lobe width is equally divided and allowed to (2M 1) equally separated output channel waveguides. The total width of the (2M 1) output channel waveguide array is assumed to be equal to T out , then T out is given by
where d out is the interval of the adjacent output channel waveguides, and the second equality is obtained by plugging Eq. (3b) into Eq. (6a). The periodicity with the period of T out is the operational mechanism of the cyclic operation of the AWG. Let the parameter q in Eq. (6b) be 1, then the waveguide width w in is given for d out by
Next let us consider the operation of the designed AWG for the operating wavelength of λ w is the kth waveguide. Let us express the complex amplitude on the output port of the kth waveguide, A k , in Eq. (4) as
where η k λ w and ϕ k λ w are the amplitude and phase modulation of the kth waveguide, respectively. The phase modulation can be further decomposed as
In conventional design, the parameter L is the length of the waveguide giving equal phase modulation for the design center wavelengthλ w , L λ w m, and the total length of the kth waveguide is tuned to the multiples of L λ w m, as Lk λ w mk. L k is the optional length of the kth waveguide length. In this paper, the optional parameters, L k k −M ∼ M, are adopted as the extra design parameters to be optimized. In the next section, the iterative projection optimization algorithm of the tuning parameters, L k , is proposed.
Here, before delving into the optimization algorithm, first consider the conventional AWG design with equal delay, L k 0. By substituting Eq. (8a) into Eq. (5), we can see that the optical field distribution at the x plane, Vx; λ s , is manipulated as
For convenience, let the spatial shift of the input channel waveguide be set to a 0. Vx; λ s is obtained as
The peak intensity point in the optical field distribution is dependent of the operating wavelength λ w , found with the following condition,
where p is an integer. The peak position, i.e., focal position, at the output channel plane, is obtained as
where the waveguide wavelength λ w is assumed to be λ w n w λ s . n w is the effective refractive index of the waveguide. In Eq. (11b), it is manifested that the peak position translation is due to the wavelength spacing Δλ s . In the design of AWG, the peak position translation due to the wavelength is accurately controlled to be equal to the output waveguide channel interval d out , such that d out f out Δλ s m∕d.
Following the above theory, we designed the 33 channel numbers, 0.8 nm channel spacing, center wavelength 1550 nm, cyclic operation, and symmetric (equal focal lengths) AWG. Let us consider the symmetric type AWG with f in f out , then the width of the input port waveguide, w in , is obtained by w in 22M 1∕2N 1d The diffraction field Vx; λ s is coupled to the output channel waveguides. The coupling power is calculated by the overlap integral of Vx; λ s and the kth output waveguide channel given by W k x rectx − kd out ∕w out , which is represented by
In Fig. 3 , the transmission spectra of all 33 channels with the wavelength range from 1537.2 to 1562.8 nm with the channel spacing of 0.8 nm,
On the basis of definition for flatness and crosstalk in Fig. 4 , the crosstalk and flatness of the spectral response are estimated as −5 dB and −0.5 dB in Fig. 3, respectively. 
Iterative Method for Optimizing Extra-Phase Freedom
To improve or modify the spectral response of the AWG, we need to design extra-phase freedom (extralength freedom) of the kth waveguide, ΔL k , for shaping the complex field pattern Vx; λ s . Inserting ΔL k into the model of Eq. (9), we can represent Vx; λ s as
where G k x is the AWG response function for the complex modulation caused by the extra phase freedom
Let ϕ k 2πΔL k ∕λ w and discretize Eq. (13a) as the following 2N 1 × 2N 1 matrix equation: ;
where V n is the value of Vx at x x n . η k and ϕ n are the values of the amplitude and phase of the complex optical field at the input waveguide. The task is to find the optimal ΔL k for shaping V n . A projectiontype iterative algorithm is devised to optimize the extra-phase freedom ΔL k in Eq. (14).
In Fig. 5 , a schematic diagram of the proposed iterative projection algorithm is presented. This optimization process is inspired from the iterative Fourier transform algorithm (IFTA) used in the optimal design of diffractive optical element [10, 11] . The ideal goal of this design is to obtain a flat spectral response at the output port. For this, the target intensity profile is taken by the form Ix shown in Fig. 6 . In the algorithm diagram in Fig. 5 , the forward transform between the input waveguide plane and the output waveguide is described by G. For iterative optimization, the inverse transform is necessary, which is simply defined by G −1 , the inverse matrix of G. At the first step, for the desired amplitude pattern, Ix, the diffraction field Vx is updated toVx:
The complex field at the input wave plane is obtained by the inverse transform ofVx:
where ηu and expjϕu are the amplitude and phase profiles of the complex field in the u plane. At the second step, the amplitude profile is clipped to a predefined profile; for example, a constant. The obtained phase profile ϕu is an updated phase profile that has approached closer to the optimum solution. The diffraction field distribution at the output channel plane is gradually changed to be similar to the desired target amplitude profile. For obtaining the response flatness, the target amplitude pattern is designed as shown in Fig. 6 , with a reference image of the part of the output channel waveguide array. The spot ratio and spot depth are the two designed parameters, by varying which we can control the levels of the crosstalk and the response flatness.
In Fig. 7 , the design result is presented. In Fig. 7(a) , the convergence graph of the RMS error of the obtained diffraction field amplitude and the target amplitude profile is plotted. The optimization was performed for the design center wavelength 1550 nm. In Fig. 7(b) , the resultant extra-phasefreedom profile for a 165 waveguide array is presented. These results were calculated by the MATLAB simulation using 16-core workstation, with memory of 192 gigabytes (runtime is 5 min in total).
The diffraction patterns in the output plane Vx; λ s for the design of center wavelength λ s 1550 nm and λ s 1550 nm 9 × 0.8 nm are compared in Fig. 8(a) with the field profile of the conventional AWG with ΔL k 0. In this case, the spot ratio and spot depth are set to 1.9 and 1.0, respectively. It is confirmed that the proposed iterative projection algorithm succeeds in shaping the desired feature in the diffraction field profile, and the diffraction field profile is almost conserved with wavelength switching (λ s 1550 nm 9 × 0.8 nm). The undesired sidelobe profile is the by-product of the optimization. According to Eq. (12), the spectral response of the designed AWG is calculated and plotted in Fig. 8(b) . The crosstalk and the flatness of the spectral response are estimated as −2.5 and −0.05 dB in Fig. 8(b) , respectively.
Also it is seen that the diffraction effects impose a constraint of the trade-off between spectral response flatness and crosstalk level of the AWG. The proposed iterative optimization algorithm allows us to control the enhancement level of the spectral response flatness by tuning the spot ratio and spot depth. It is expected that the trade-off constraint can be relaxed and further optimized by application of more advanced optimization techniques [11] .
Additional simulations to analyze the tolerance of the flatness to the deviation in the profile ΔL k are performed. The deformed profile in the AWG is simply modeled as ηΔL k [ Fig. 9(a) ], where the structural deviation parameter η is set up in the range of 0.5 ≤ η ≤ 1.5. The case of η 1 corresponds to the optimal profile ΔL k . By changing the deviation parameter η, we profiled the spectral response of the AWGs with ηΔL k in Fig. 9(b) . It is seen that, for 0.75 ≤ η ≤ 1.25, the flat-top feature is perceivable, but, in the other region of η, the flat-top features disappear in the spectral response. In the region of 0.75 ≤ η ≤ 1.25, the variation in the crosstalk level is so small as to be negligible. In general, the crosstalk and flatness have a trade-off relationship, but, in accordance with this simulation, we can conclude that, within 25% tolerance margin of ΔL k (0.75 ≤ η ≤ 1.25), the flatness and crosstalk are reliable.
Conclusion
We have proposed a fast and efficient iterative projection-type optimal design algorithm of an AWG with a flat spectral response and developed a Fourier optics model of the AWG. The optimization target function parameterized by spot ratio and spot depth has been devised for controlling the crosstalk and flatness in the spectral response.
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